Abstract
Introduction
The flight envelope of high maneuverable aircraft is limited by dynamic aeroelastic problems like buffeting, buzz and flutter [1] [2] [3] . Especially, the fin buffeting problem is a critical issue for high performance fighter aircraft equipped with twin vertical tails [4] , but single fin configurations are also affected [5, 6] . The associated unsteady aerodynamic loads occur mainly at high angles of attack and are attributed to the highly turbulent flow caused by burst leading-edge vortices. Strong large-scale vortices are shed at slender wing geometries, such as delta wing planforms, strakes or leading-edge extensions [7, 8] . Leading-edge vortices in a fully developed, stable stage improve significantly maneuver capabilities because of additional lift and an increase in maximum angle of attack. However, leading-edge vortices are subject to breakdown at high angles of attack [9, 10] . The breakdown flow leads to high turbulence levels and specific instability mechanisms resulting in narrow-band unsteady aerodynamic forces [6, 11, 12] . Such loads often excite the vertical tail structure in its natural frequencies ( Fig. 1 ) causing increased fatigue loads and reduced service life and raise maintenance costs [13] . Comprehensive studies concentrate on the fin buffeting problem including also methods for flow control and active vibration alleviation [14, 15] .
Beside the unsteady effects linked with burst leading-edge vortices, further configuration elements like airbrakes produce also high energy turbulent wakes which may cause severe fin buffet loads. The superposition of unsteady loads due to wing vortex breakdown flow and airbrake wake could result in critical peak loads. There are a lot of investigations dealing with the turbulent wake of bluff bodies [16 -19] , but no studies address the effects in combination with lifting surfaces creating leading-edge vortices.
Therefore, the present investigation concentrates on the analysis of the turbulent velocity fields and fin surface pressures downstream of a deflected airbrake on a delta wing-canard configuration. Vortex shedding at the airbrake side edges and the upper edge will result in strong periodic fluctuations affecting the fin (Fig. 2) . Thus, the main investigation parameters include airbrake deflection angle and angle of attack.
Experimental Technique

Model and Facility
Experiments are performed on an 1:15 scaled detailed steel model of a modern high-agility aircraft of canard-delta wing type (Fig. 3a) . Major parts of the model are nose section, front fuselage with rotatable canards and a single place canopy, center fuselage with delta wing and a through-flow double air intake underneath, and rear fuselage including nozzle section and vertical tail (fin).
The airbrake is located in the rear part of the canopy with a length of 0.36 and a width of 0.14 based on the wing half span. The airbrake model consists of the deflected canopy fairing and the actuator sting (Fig. 3b) . Because of the sharp side and upper edges of the airbrake it is assumed that flow separation is only little influenced by direct boundary layer effects. The airbrake deflection angles studied include η AB = 45°, and 60°.
The experiments have been carried out in the low-speed facility B of the Institute of Aerodynamics of Technische Universität München. This closed-return wind tunnel is operated with an open test section at maximum usable velocity of 60 m/s. Test section dimensions are 1.2 m in height, 1.55 m in width and 2.8 m in length. The test section flow was carefully inspected and calibrated documenting a turbulence level less than 0.4% and uncertainties in the spatial and temporal mean velocity distributions of less than 0.067%. The maximum blockage at the model incidence of α = 30° is about 6%. The model is sting mounted using a Z-shape adapter for connection with the horizontal sting of the 3-axis model support (Fig. 3c) . The computer controlled model support provides an angle-of-attack range of −10° ≤ α ≤ +30°, and models may be yawed and rolled 360°. The uncertainty in angle setting is less than 0.05°.
Test Methods and Test Conditions
The fin is instrumented with 18 differential unsteady pressure transducers at 9 positions directly opposite each other on each surface. The The time dependent flowfield velocities are measured using advanced hot-wire anemometry. A 3-axes traversing system moves a miniature cross-wire probe to the points of four cross-flow planes located downstream of the airbrake above the fuselage (Fig. 4) . The spacing of the measurement points based on the wing half span is 0.013 in the inner and 0.027 in the outer area of the cross-flow planes. The anemometer output voltages are low-pass filtered at 1000 Hz and sampled with 3000 Hz over 6.4 seconds. The data acquisition parameters are based on previous tests to ensure that all significant flowfield phenomena are captured as well as on statistical accuracies of 1%, and 2.5% for the root mean square (rms) values and spectral densities, respectively. 
Baseline Configuration
The flowfield of the delta-canard configuration is characterized by the presence of leading-edge vortices. Such vortices start to develop at wing and canard already at low angles of attack. At α = 15°, the wing leading-edge vortex is clearly depicted by the velocity vectors of the crossflow planes located at 40% (x/c r = 0.4) and 100% (x/c r = 1.0) wing root chord (Fig. 5) .
Bursting of the wing leading-edge vortex occurs at x/c r ≈ 0.4 indicated by the enlarged core region of very low velocities. Vortex breakdown is caused by the adverse pressure gradient leading to stagnation of the axial core flow. Consequently, the core diameter expands rapidly and high turbulence intensities exist at the points of inflection in the radial profiles of retarded axial core flow. Thus, an annular region of high velocity fluctuations surrounds the expanded vortex core. With increasing angle of attack the burst wing leadingedge vortices move inboard and upward with the core region being further strongly enlarged. Therefore, the areas of maximum turbulence intensities approach the symmetry plane and the turbulence level at the center-line fin raises from low to moderate levels at a steep gradient.
The unsteady flowfield induces pressure fluctuations on the fin. The surface-averaged rms values of the fluctuations in the pressure coefficient are plotted as function of angle of attack in Fig. 6 . Representing the trend in the lateral turbulence intensities the rms pressure coefficient increases significantly above α = 20° reaching a value of about 8% at maximum angle of attack of α ≈ 30°. The severe increase in the rms pressure above a certain incidence is a characteristic feature of the fin buffet phenomenon.
The amplitude spectra of the fluctuating pressure coefficient, calculated from the signal taken at station P13, are shown in Fig. 7 for all angles of attack tested. Above α ≈ 22°, spectral peaks can be identified in the range of reduced frequencies k = 0.8 -0.6 (k = f l µ / U ∞ ). This energy peak, called "buffet peak", increases strongly with increasing angle of attack. Thus, the narrow-band concentration of turbulent kinetic energy may result in strong excitation of structural modes. It can be further detected that the associated reduced frequencies are shifted to lower values at higher angle of attack.
This shift in the dominant reduced frequency is plotted in Fig. 8 . The quasi periodic velocity and induced surface pressure fluctuations, respectively, result from the helical mode instability of the flow downstream of vortex breakdown. The burst vortex core expands with increasing angle of attack and, therefore, the wavelength of the instability mode becomes larger and the corresponding frequency smaller. A universal frequency parameter can be derived using appropriate scaling quantities. Referring to velocity, the component normal to the leading-edge (U ∞ sinα) has to be considered. The length scale must account for the vortex core expansion given approximately by the local half span (~ x cot φ W ) and the shear layer distance (~ sin 2 α). Using these relations leads to a scaling with the sinus of angle of attack α and the cotangent of the wing leading-edge sweep φ W . This scaling groups the values of the dominant reduced frequencies within a band of 0.28 ± 0.02. Measurements on different configurations substantiates the validity of the derived frequency parameter [6, 11, 12] .
Airbrake Configuration
In comparison to the baseline configuration, the flowfields for the cases of deflected airbrake are analyzed showing specific phenomena superimposed to the baseline characteristics.
Mean and Turbulent Flowfield
The cross-flow velocity vectors give an overview of the mean flowfield development in the airbrake wake for stations close behind the airbrake and at the fin root (Fig. 9) . Results are shown for both airbrake deflections, namely η AB = 45° and 60°, and for angles of attack of α = 0° and 20°. The velocity components are based on a wind tunnel fixed coordinate system. For the upstream station, the mean velocities depict increased cross-flow components directed toward the dead water region behind the airbrake. In the lower part of the symmetry plane high cross flow velocities are present with their vectors pointing inboard und upward. Flow separation at the airbrake edges result in a counter rotating vortex pair which continue to exist downstream up to the fin region. A second vortex pair can be detected at the lower corners of the measurement planes associated with flow separation at the canopy (Fig. 9 ). The induced cross flow velocities, especially in the area above the fuse- lage, increase in strength with increasing angle of attack, and the airbrake wake becomes laterally compressed. At α = 20°, a further vortex system dominates the lower outboard parts of the measurement planes. This vortex system consists of the canard leading-and side-edge vortices and both vortices are already bursted.
The discussion of the unsteady flowfield focuses on the turbulence intensity of the lateral velocity fluctuations v rms /U ∞ . The shear layers emanating from the upper edge and the side edges of the airbrake form a horseshoe-like region of increased turbulence intensities (Fig.  10) . There, turbulence maxima occur in a limited radial range. At α = 10° and η AB = 45°, the rms maxima reach levels of about 16% of the freestream velocity. Downstream, the inboard directed cross-flow velocities push the areas of turbulence maxima together. Thus, an annular region of high velocity fluctuations exists and determines the flowfield features in the symmetry plane at the fin location. Raising the airbrake deflection to η AB = 60° enlarges the radial range of the region of increased turbulence intensities. This enlargement is also shown as a vertically extended area of maximum velocity fluctuations impinging on the fin. Beside this spatially extension, also higher turbulence levels are present.
The turbulence intensity distributions at α = 15° are included in Fig. 11 . The canard vortex system reveals itself by circle-like areas of increased velocity fluctuations which are well separated from the airbrake wake. Donwstream, the cross-flow velocities induced by the canard vortices have the effect that the high turbulence intensity region at the fin is stretched in direction to the fuselage. In addition, this region is compressed because of the inboard and upward movement and the radial expansion of the burst wing vortices with increasing angle of attack. Consequently, the region of maximum turbulence intensities covers nearly the whole height of the fin at η AB = 60°.
The influence of the canard and wing vortices becomes even stronger at α = 20° (Fig. 12) . On the one hand, the velocity fluctuations attributed to the burst canard vortices raise the turbulence intensity level in the root area of the fin.
On the other hand, the incidence dependent movement and expansion of the burst wing vortices compresses further the region of high turbulence intensities over the fin surface. Therefore, an absolute rms maximum is found near the fin tip reflecting a high excitation level.
Further, the airbrake wake exhibits specific frequency dependent concentrations of turbulent kinetic energy (Fig. 13, α = 0° ). They result from coherent turbulent structures linked to quasi-periodic vortex shedding at the airbrake edges.
Pressure fluctuations on fin surface
The unsteady velocities induce pressure fluctuations on the fin which are again quantified by the surface averaged rms values of the fluctuating part of the pressure coefficient c prms (Fig.  14) . The reference is given by the results of the baseline configuration (Fig. 6) . Compared to the baseline, the configurations with deflected airbrake, η AB = 45° and 60°, show siginifcantly higher rms values up to α ≈ 25°. The pressure fluctuations on the fin surface become stronger with increased airbrake deflection. But the differences in rms pressures between both deflections are small for low and moderate angles of attack. Also, the rms levels are nearly constant up to α ≈ 12°. These features are based on the similarity of the airbrake wake flow with periodic vortex shedding and dominating cross flow.
For α > 12°, the decrease in effective airbrake deflection angle with increasing angle of attack becomes relevant. Thus, the vortex development changes from a vertical to a more axial orientation. In addition, the airbrake wake is strongly influenced by the expansion of the burst wing vortices and induction effects of the burst canard vortices. Consequently, the significant raise in rms pressures with angle of attack is shifted to lower α in comparison to the baseline, and it starts here at α ≈ 12°. At high angle of attack, α > 25°, the airbrake incidence becomes low through which vortex evolution at the side edges is stopped. The unsteady pressure characteristics follow then the trend of the baseline configuration. The pressure fluctuation intensities at certain sensor positions reach levels 
Characteristics of Reduced Frequencies
Beside the intensity of the pressure fluctuations, the frequency characteristics are of specific interest with respect to the excitation of structural modes. Power spectral densities (PSD's) of the surface pressure fluctuations are calculated to analyze narrow-band energy concentrations and to determine dominant reduced frequencies and angle-of-attack trends. Results are shown exemplarily for the sensor station P17 (Fig. 15) .
At low and moderate angles of attack, here α = 3° and α = 10°, the periodic vortex shedding results in strong spectral density peaks. The dominant reduced frequencies based on freestream velocity and wing mean aerodynamic chord show higher values for η AB = 45° than for η AB = 60°. For both cases, the reduced frequencies are nearly constant over the angle-of-attack range of α = 0° -12°, highlighting again the similarity of airbrake vortex shedding in this incidence range. This reduced frequency characteristic changes at α > 12° when airbrake sideedge vortices transform to leading-edge vortices due to the decrease in the side-edge inclination. The turbulent energy concentration is shifted to higher reduced frequencies the values of which increase with increasing angle of attack because the airbrake incidence becomes reduced. Beyond α ≈ 25°, the large-scale vortex evolution at the airbrake disappears and the helical mode instability of the burst wing vortices dominate the unsteady characteristics of the fin surface pressure fluctuations (Fig. 8 ).
An appropriate scaling with length scales including shear layer distances and the effective airbrake deflection and incidence, respectively, results in a common scaling parameter as documented in Fig. 16 .
Conclusions and Outlook
Flowfield and surface pressure measurements were performed to study the influence of a deflected airbrake on the buffet characteristics of a vertical tail (fin). The results are based on wind tunnel studies conducted on an 1.15 scaled detailed model of a high-agility aircraft of canard-delta wing type fitted with a center-line fin. The airbrake is located upstream at the rear part of the canopy. Compared to the non-deflected case (baseline), the airbrake wake causes unsteady aerodynamic loads on the fin, the levels of which are four to five times higher than those of the baseline. The levels increase with increasing airbrake deflection. Depending on the angle of attack, the surface pressure fluctuations show three characteristic sections: Up to α ≈ 12°, there is nearly a constant rms level along with a constant reduced frequency due to quasiperiodic vortex shedding creating large-scale coherent structures. From α ≈ 12° to α ≈ 25°, the rms level raises strongly. The dominant reduced frequency of the burst airbrake vortices increases continuously as the effective deflection angle is reduced. Above α ≈ 25°, the airbrake induced unsteady loads go down to the levels of the baseline. The evolution of large-scale vortices at the airbrake side edges has stopped because the airbrake incidence becomes too small. The unsteady loads are then dominated by the flowfield of the burst wing vortices. The results obtained contribute to setting up a data base for design and evaluation purposes focusing on unsteady aerodynamic loads. Further analysis will be carried out on the turbulent flow structures and on the scaling of the quantities to extrapolate the results to a fullscale aircraft.
